1. BACKGROUND
Introduction
The NIST Noise Project has recently completed the construction and testing of a system for the measurement of the noise temperatures of sources with WR-28 output flanges.
The system covers the entire frequency range of the 26.5 GHz to 40.0 GHz. It extends NIST waveguide noise capabilities, which already comprise systems for the WR-90 (8.2 GHz to 12.4 GHz), WR-62 (12.4 GHz to 18 GHz), and GHz to 26.5 GHz) frequency bands. The WR-90 system uses a switching scheme originally proposed by Dicke [1] . Its design and operation are described in reference [2] . The WR-62 and WR-42 systems are total-power radiometers which incorporate six-port reflectometers to measure relevant reflection coefficients. The general design and underlying theory for these systems and similar coaxial systems are covered in reference [3] . Details of the design of the waveguide systems, the tests used in the initial checkout of the systems, and actual measurement procedures have not been published for the waveguide systems. This paper reports the design, system checks, and operational procedures of the new WR-28 system. Since descriptions and details of the other similar NIST systems have not been published, the present account will also serve as a description of their design, checkout, and operation. The remainder of the paper is organized as follows. The next subsection reviews the theory underlying noise-temperature measurements with a total-power radiometer and derives the radiometer equation. Section 2 gives a detailed description of the measurement system. In Section 3 we review the steps used to make a noise-temperature measurement with the system. Section 4 presents the checkout procedure, including a review of the different tests which ensure that the system is functioning properly. The uncertainty analysis for the WR-28 system is presented in Section 5, and the paper closes with a brief summary in Section 6.
Radiometer Equation
Conceptually, derivation of the radiometer equation for the total-power radiometer is quite simple. The radiometer is assumed to respond linearly to the power delivered to it.
Generally, the linear response varies as a function of the impedance of the source, but our radiometers for 1 GHz and above all have sufficient input isolation that their response can be taken to be independent of the impedance of the source. The radiometer therefore requires two known delivered powers for its calibration. The standards used are noise-temperature standards, which have a known available power rather than delivered power. We must correct for loss and mismatch to relate the delivered powers to the known available powers.
Once the radiometer is calibrated, it is used to measure the delivered power from the device under test (DUT). We then correct for mismatch and loss in the DUT measurement to obtain its available power and consequently its noise temperature.
Before proceeding, we establish some notation and conventions. We use the term noise temperature to mean the spectral density of available power from the source, divided by Boltzmann's constant. Thus for a small bandwidth B, over which the available power density is constant, the available power is given by P = k^BT^. Available powers will be denoted by capital P, and delivered powers by lowercase p. The subscript on an available power generally indicates the device, except in the case of P^, where it indicates the ambient, Pg = k^BT^. The subscript a will denote ambient, s will denote the cryogenic standard, and x will denote the DUT.
To derive the explicit expression for the radiometer equation, we refer to the simplified block diagram of figure 1 . The subscripts on the delivered powers and mismatch factors will indicate the reference plane and the configuration. Thus Pq^r efers to the delivered power at plane when the DUT (x) is connected. For an isolated radiometer, the derivation follows the basic treatment by Daywitt [3] , with a few notational changes. When the switch is connected to the DUT at plane 2, the noise temperature at plane is related to the DUT noise temperature T^by Pq.x = ao2^x + [l-ao2] Pa' 0,X '*02*x (1) where 0Lq2 = PJPi is the available-power ratio between planes 2 and 0. The delivered power is then given by Po,x = Mq,x<^Q2Px +^0 ,x [1 -ao2] Pa + Pex> (2) where p" is the intrinsic effective input noise power of the radiometer for this configuration, Combining eqs (2) and (3) , and using the relation P = k^T, we obtain (3) 
where Y^= pjp^, Y^= pjp^, and (Arj;, is the error in T^due to the (small) effect of an imperfect isolator. Equation (4) 
Equation (5) 
where the reflection coefficients are measured with the six-port reflectometer built into the system, and the subscript R indicates that the reflection coefficient is from the radiometer at the plane indicated. We refer to the ratio of efficiencies, T|o3/'no2.^t he asymmetry; it is evaluated by the method described in reference [3] and Section 3 below.
SYSTEM DESCRIPTION
The radiometer system is similar in design to other NIST radiometers with internal sixport reflectometers [3] . Diagrams of the system, showing different degrees of detail, are given in figures 2(a) and 2(b) . Figure 2 (a) presents a somewhat simplified diagram, in which it is easier to follow the measurement flow and to distinguish between the six-port and the noise-power subsystems. Figure 2( Two noise-temperature standards are used to calibrate the system for each measurement of a DUT. One is a cryogenic standard, described in detail in references [7] and [8] . 3^^x'~^^2,x
where we have dropped the unnecessary prime on the mismatch subscript. Equation (8) one at each port, and then interchanging them and remeasuring each [3] . We thus obtain two versions of eq (8) In using eq (9) (6) .
The noise temperature of the cryogenic standard is derived in references [7] and [8] .
The In measuring the noise temperature of an unknown device, the system six port is used to measure the reflection coefficients needed to determine the mismatch factors, using eq (6) .
The six port could also be used to determine the asymmetry, which is the ratio of efficiencies r[Q^/y\o2 appearing in the radiometer equation, eq (5) . As discussed above, however, we can measure the asymmetry more reliably using the "manual" method described in Section 3 than we can with the six port, and so we use the manual method in our measurements. The manual asymmetry method contains a check which is applied each time the method is used.
In measuring the asymmetry, the delivered powers from the two auxiliary standards are measured both on the DUT port and on the cryogenic-standard port. The software automatically records the powers, Y-factors, and reflection coefficients from these measurements. Then, when the cryogenic standard is measured on its port, we have sufficient information to compute the noise temperature of each auxiliary standard two different ways.
One way uses the Y-factor measured when the auxiliary standard was connected to the DUT port, treating the auxiliary standard as a DUT and using eq (5) with the measured asymmetry. [11] and [12] with all future calibrations to ensure that the system has not changed significantly.
UNCERTAINTIES
The uncertainty analysis for the current generation of MIST total-power noise radiometers, both coaxial and waveguide, will be presented elsewhere [13] . Here we review the results for the WR-28 system. The equation used to compute the noise temperature of the DUT is eq (5) , where a perfect isolator is assumed, as is a linear radiometer. Uncertainties in T^arise due to uncertainties in the determination of the quantities appearing on the right side of eq (5) and due to departures from perfect isolation and linearity. In keeping with the notation of references [14] and [15] 
Ta-'^s^c ry (11) The fractional uncertainty in the WR-28 cryogenic primary standard is^c ry = 0.17 percent Uti/ti(cor.) = 4 u^1 7^+ 73^^-7^-72,^1 , (14) where x and y refer to real and imaginary parts of T, and where we have assumed that the reflection coefficients are small. This is the corrected version of the form in reference [3] . (14) and (15),
The resulting uncertainty in the DUT noise temperature is then ( 1 7) where we have used the fact that the ratio of mismatch factors is very near 1, and therefore %Aiu~W ma</(M/M) « Uy^^. Equation (17) The form for the worst-case error due to neglecting (ATJ^^in eq (4) was derived in reference [3] for 50 dB isolation. The isolation at the front end of the radiometer was measured to be greater than 50 dB across the entire WR-28 frequency band. Converting that worst-case error to a standard uncertainty and correcting a minor arithmetic error in reference [3] results in [13] Ut {isol) I [3] and [17] , with slightly different results. The form we use [13] is based on [3] (11, 12, 13, 17. 19. 21. 22, 23, 25) The expanded (k = 2) combined uncertainty is computed from eqs (26) and (28),
